Abstract: We deduce the canonical brackets for a two (1 + 1)-dimensional (2D) free Abelian 1-form gauge theory by exploiting the beauty and strength of the continuous symmetries of a Becchi-Rouet-Stora-Tyutin (BRST) invariant Lagrangian density that respects, in totality, six continuous symmetries. All these symmetries lead to the derivation of exactly the same canonical brackets amongst the creation and annihilation operators that appear in the normal mode expansion of the basic fields of the theory. For the sake of precise comparison, the above canonical brackets are also derived by applying the canonical approach to the appropriate Lagrangian density of the theory.
Introduction
Symmetry principles, through the ages, have helped physicists to unravel some of the deepest mysteries of nature. It is well-known, for instance, that symmetries govern basic interactions (see, e.g. [1] and references therein). They lead to the conservation laws in the realm of classical and quantum systems and dictate selection rules in the context of the latter. In our present investigation, we establish that the continuous symmetry transformations lead to the derivation of the basic (anti-) commutators that are at the heart of the covariant canonical quantization of a gauge theory within the framework of Becchi-Rouet-Stora-Tyutin (BRST) formalism [2] .
In our present paper, we demonstrate that the (anti-) BRST, (anti-) co-BRST, ghost and a bosonic symmetry transformations of a free 2D Abelian 1-form gauge theory [3] imply the existence of the canonical brackets that are required for the covariant canonical quantization of the above theory within the framework of BRST formalism. It should be noted that all the above symmetries lead to the derivation of the one and the same canonical brackets (see, equation (17) below) that are also deduced by exploiting the usual canonical method applied to the appropriate Lagrangian density of the theory (see, Sec. 5 below). Thus, it is crystal clear that the multi-faceted usefulness of the continuous symmetries embrace in its folds the derivation of the basic canonical brackets, too, for a given theory.
The prime factors that have propelled us to pursue our present investigation are as follows. First and foremost, it is very exciting to note that the symmetry principles, in some sense, dictate the basic canonical brackets of a given theory. Second, our present work has the potential to be generalized to the case of the 4D free Abelian 2-form gauge theory which is also endowed with a set of six continuous symmetry transformations [4] . Third, the derivation of the basic canonical brackets from the symmetry consideration is aesthetically more appealing than the derivation of the same by exploiting the definition of the canonical momenta from a given Lagrangian density. Finally, our present work adds yet another glittering feather to the crown of the versatility of symmetry principles in the realm of theoretical physics.
The contents of our paper are organized as follows. In section two, we discuss various continuous symmetry properties of the Lagrangian density of a free 2D Abelian 1-form gauge theory to set up the notations and convention for the whole body of our text. Our section three is devoted to the derivation of the conserved charges which, in turn, are expressed in terms of the creation and annihilation operators. Section four deals with the derivation of the canonical (anti-) commutators by exploiting the basic tenets of symmetry principles. Our section five deals with the derivation of the above brackets from the first principles applied to the Lagrangian density of the theory. Finally, in section six, we make some concluding remarks.
Lagrangian formalism: symmetry principles
We begin with the basic Lagrangian density of a free 2D Abelian 1-form gauge theory in the Feynman gauge 1 (see, e.g. [5] [6] [7] )
where 
2 ) owes its origin to the co-exterior derivative
Here * is the Hodge duality operation on the 2D spacetime manifold. The fermionic (anti-) ghost fields (C)C (with C 2 =C 2 = 0, CC +CC = 0, etc.) are required for the validity of the unitarity in the theory.
The Lagrangian density (1) respects the on-shell (i.e.
under which, the physical (gauge-invariant) electric field (E), owing its origin to exterior derivative d = dx µ ∂ µ , remains invariant. Further, we have the following on-shell (2C = 0,
that leave the Lagrangian density (1) quasi-invariant. It should be noted that the gauge fixing term (∂ · A), owing its origin to the co-exterior derivative, remains invariant under the (anti-) co-BRST symmetry transformations. 1 We adopt here the convention such that the 2D flat Minkowaskian metric η µν is with signature (+1, −1) and P · Q = η µν P µ Q ν = P 0 Q 0 − P i Q i is the dot product between two non-null vectors P µ and Q µ . Here the Greek indices µ, ν.... = 0, 1 and Latin indices i, j.... = 1. It is to be noted that, in 2D, F µν has only electric field as its non-vanishing components (i.e. F 01 = −ε µν ∂ µ A ν = E). We take 2D antisymmetric Levi-Civita tensor (ε µν ) with the choice ε 01 = +1 = −ε 01 and the d'Alembertian operator 2 = ∂ A bosonic symmetry (s ω ) (as the anticommutator {s b , s d } ≡ −{s ab , s ad } = s ω ) leads to the following infinitesimal transformations [3] 
under which, the Lagrangian density (1) transforms to a total spacetime derivative. Furthermore, we have a ghost symmetry transformation (s g ) in the theory, namely;
which is derived from the infinitesimal version of the scale transformations
where Λ is a global parameter. It is, thus, clear that we have a set of six continuous symmetries in the theory. Two of these (i.e. s g , s ω ) are bosonic in nature and rest of them (i.e.
. The latter property is nothing but "the nilpotency of order two" that is associated with the (anti-) BRST and (anti-) co-BRST symmetry transformations that are present in our theory.
Conserved charges in terms of creation and annihilation operators: exact expressions
The continuous symmetry transformations, according to Noether's theorem, lead to the derivation of the conserved currents. These, in turn, provide us the expressions for the conserved charges (i.e. Q r = dxJ 
where dot on a generic field Φ denotes the time derivative (i.e.Φ =
∂Φ ∂t
). It is evident from the Lagrangian density (1) that the basic fields of the theory satisfy the following Euler-Lagrange equations of motion
The normal mode expansion of these fields in the phase space of our present theory is listed below (see, e.g. [7] for details)
where 2-vector k µ = (k 0 , k 1 = k) is the momentum vector and a † µ (k), c † (k) andc † (k) are the creation operators for a photon, a ghost and an anti-ghost quanta, respectively. The non-dagger operators a µ (k), c(k) andc(k) stand for the corresponding annihilation operators for a single quantum.
Plugging in these expansions in the expression for the corresponding charges in (6), we obtain the following in the theory) generate the continuous symmetry transformations as
where Φ is the generic field of the theory and Q r are the conserved charges (cf. (6)). The (+)− signs, as the subscripts on the square bracket, correspond to the (anti-) commutators for the generic field Φ being (fermionic) bosonic in nature. The (+)− signs, in front of the expression on the r.h.s. (i.e. ± i Φ, Q r ± ), need explanation. The pertinent points, regarding the choice of a specific sign for a specific purpose, are as follows: (i) for s r = s b , s ab , s d , s ad only the negative sign would be taken into account (i.e.
(ii) for s r = s g , s ω the negative sign would be taken into account for the bosonic field and the positive sign would be chosen for the fermionic field (e.g.
At this juncture, let us take an example s b A µ = ∂ µ C to make it clear that the symmetry principles dictate the structure of the canonical brackets. Mathematically, this symmetry transformation can be expressed as
Now taking the normal mode expansions for A µ and C from equation (8), it is clear that we have the following relationships
Plugging in the expression for Q b in terms of the creation and annihilation operators (cf. equation (9)), we obtain
In exactly similar fashion the BRST transformations
lead to the derivation of the following brackets
It is worthwhile to point out that the following statements are true, namely; (i) the above brackets have been derived by taking into account only the on-shell nilpotent BRST symmetry transformations (i.e. s b A µ = ∂ µ C, s b C = 0, s bC = −i(∂ · A)) that are present in our 2D theory, and
(ii) the expressions on the r.h.s. of equations (12) and (14) enforce, in a subtle manner, the choice of the (anti-) commutators in (13) and (15).
We would like to emphasize that the above exercise can be performed with all the six conserved charges listed in (6) . The relevant (anti-) commutators, that emerge from this exercise, are as follows
Q ab , a density (1), for the basic fields of the theory, are
As a consequence, we have the following canonical commutator and anticommutators for the theory in 2D, namely;
All the rest of the brackets are zero. The top entry, in the above, implies the following commutators in terms of the components of the 2D gauge field A µ and the corresponding conjugate momenta:
The above form of the commutators would turn out to be useful later.
To simplify the rest of our computations, we re-express the normal mode expansions of the basic fields (cf. (8)), as (see, e.g. [8] for details)
where the new functions
form an orthonormal set because they satisfy the following conditions
(ii) by exploiting the definition of momenta from the Lagrangian density. From both the above methods, the basic brackets (cf. (17)) turn out to be exactly the same. Thus, the basic brackets (17) are hidden, in a subtle way, in the continuous symmetry transformations of the theory itself.
Conclusions
The central result of our present investigation is the derivation of the basic canonical brackets by exploiting the continuous symmetry transformations that are present in the free 2D Abelian 1-form gauge theory. These brackets exist amongst the creation and annihilation operators that appear in the normal mode expansions of the basic fields of the theory. The above mode expansions are consistent with the Euler-Lagrange equations of motion corresponding to the basic fields of the appropriate Lagrangian density. Thus, to be precise, the symmetry principles as well as the equations of motion play pivotal roles in our present derivation of the basic canonical brackets.
One of the most beautiful observations in our present investigation is the emergence of the one and the same basic canonical brackets (cf. (17)) from all the continuous symmetry transformations that are present in the theory. In fact, even though the transformations (cf. (2)- (5)) and their corresponding generators (cf. (6) and (9)) look drastically different, the hidden basic brackets (cf. (17)), that emerge from the application of (10), are exactly the same. This key observation ensures that the symmetry principles encode in their folds the canonical brackets of a given theory. To the best of our knowledge, our derivation of (17) is a novel result.
Symmetry principles, as is well-known, have already played decisive roles in the developments of modern theoretical physics. We firmly believe that the key aspect of symmetry principle, highlighted in our present investigation, can be generalized to the description of higher p-form (p ≥ 2) gauge fields that appear in the context of (super)string theories. Thus, our present work should be treated as our modest step towards our main goal of studying various aspects of the free 4D Abelian 2-form (see. e.g. [4] ) and higher p-form (p ≥ 3) gauge theories within the framework of BRST formalism. We are intensively involved, at present, in the above mentioned endeavors and our results would be reported in our future publications [9] .
